A group of bacteriophages active on Bacteroidesfragilis have been isolated from a number of animal sera including calf, foetal calf, lamb, chicken and rabbit. The phages are specific for Bacteroides fragilis; no lytic activity was detected on 36 strains of Bacteroides oralis, 6 strains of Bacteroides melaninogenicus and seven strains of the genus Fusobacterium. Some characteristics of these bacteriophages such as adsorption constants and single-step growth experiments as well as electron micrographs are presented. The B. fragilis host-phage system readily develops a stable phage-bacterium association, i.e. phage carrier cultures. Broth cultures infected with phage at high multiplicities, demonstrated active bacterial growth coincident with phage production. Cultivation of phage carrier strain I2 in medium containing phage antisera eliminated phage carriage. The phage-cured cultures yielded a mixture of phage-sensitive and phage-resistant clones and evidence was obtained of a rapid rate of alternation between these two phenotypes. The simultaneous production of both phage and bacteria in B. fragilis carrier cultures may be ascribed to the continuous development of phage-sensitive organisms from a phage-resistant population.
INTRODUCTION
In the course of conducting antimicrobial disc susceptibility tests on clinical isolates of Bacteroides fragilis, phage plaques were detected within the confluent growth on the agar plates. They varied in number from almost confluent lysis to only a few on a plate and were present with approx. IO ~ of the strains isolated. Although initially puzzling, the unpredictable appearance of phage was traced to its presence in calf serum used as 5 ~ supplement in the medium used for antibiotic susceptibility testing (Keller, 1973) . Sabiston & Cohl (I969) , in a brief communication, reported the initial isolation of a Bacteroides bacteriophage. More recently two further strains of B. fragilis phage have been isolated (Nacescu, Brandis & Werner, I972) . However, to the present there is no characterization of this group of bacteriophages. In this study, we present some of the properties and characteristics of the B. fragilis phage-host bacterium system. In addition, this study reports on the development and nature of a phage carrier state in B. fragilis.
METHODS
Bacterial strains and media. The strains of Bacteroidesfragilis, and other Gram-negative anaerobic bacilli used in this study, were isolated by the clinical microbiology service of this Department. They were identified according to the criteria outlined by Finegold et al. 097o) . Bacterial strains were maintained on reinforced clostridial agar, RCM agar (Baltimore Biologic Laboratories, BBL), supplemented with 5 % foetal calf serum and incubated at 37 °C under anaerobic conditions (GasPak, BBL) . Agar to agar subcultures of strains of Bacteroides were made by transferring heavy inocula with sterile swabs moistened with RCM broth (BBL). This produced confluent growth in 18 h. Isolated colonies suitable for single colony subcultures appeared following 48 h of incubation. As is herein reported certain batches of commercially obtained calf sera contained Bacteroides bacteriophage. There was no reduction in the numbers of phage recovered from sera following heating at 56 °C for 3o rain. However, we have determined that the infective phage content of calf or foetal calf serum is completely eliminated at 8o °C for IO min. Accordingly, all batches of sera were treated at 8o °C for Io min and tested for the presence of phage prior to use. Soft agar overlay for phage titrations consisted of RCM broth supplemented with o-4 % ionagar (Oxoid). The broth media was Trypticase Soy Broth (BBL) supplemented with o.5 % yeast extract. To obtain optimal anaerobic conditions, all broth media were either freshly autoclaved or boiled for IO min. The medium was then supplemented with o.oo5 % cysteine and 5 % heat-inactivated foetal calf serum.
Phage strains. The phage strains were recovered from clinical isolates of Bacteroidesfragilis grown in the presence of calf sera. Phage was purified by two consecutive single plaque isolations for preparation of stocks, and propagated on the corresponding bacterial host strain. The phage strains were designated by the laboratory identification number of the bacterial isolate. Two prototype phage strains representative of a large plaque forming type, strain 736, and a small plaque forming type, strain I 2, were selected for study.
Phage assay. Assays of phage by plaque counts were conducted by the double agar layer technique (Adams, I959) . I3 x Ioo mm test-tubes containing 2. 5 ml of soft RCM agar kept at 45 °C, were inoculated with Io v colony forming units (c.f.u.) of the indicator bacteria and o. I ml of dilutions of phage. After mixing, the contents were plated and promptly placed under anaerobic incubation. Plaques were counted after 18 to 24 h.
Preparation of high titre phage stocks. High titre phage stocks were prepared by the soft agar plate method (Adams, I959) . A dilution of phage that produced semi-confluent lysis was inoculated with to s sensitive bacteria into tubes containing 3 ml of soft RCM agar and poured on to RCM agar base plates. Following I8 h of anaerobic incubation, 3 ml of broth medium was dispensed on to each plate. After remaining 3 h at room temperature, the broth was collected, pooled and centrifuged at Ioooo rev/min for Io min. Phage stocks prepared by this means routinely had a titre of I to 3 x io 9 p.f.u./ml. The titres of the phage preparations remained unchanged following filtration through o.22/zm filters (Millipore Corp.).
Determination of host range. The strains of Bacteroides fragilis and all other Gramnegative anaerobic bacilli were grown on RCM agar supplemented with 5 % sheep blood, haemin 5 #g/ml and menadione 0.2/zg/ml. 48 h old cultures were inoculated on to plates by uniform swab spreading. Drops of phage stocks containing ro 8 to IO 9 p.f.u./ml were spotted on to the plates which were incubated anaerobically for 18 to 24 h when areas of phage lysis within the bacterial lawns were clearly visible.
Electron microscopy. High titre phage stocks or broth lysates were applied to copper 2oomesh grids, previously coated with collodion and lightly shadowed with carbon. The grids IP: 54.70.40.11
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Bacteroides fragilis bacteriophage ~ 8 t were negatively stained with 0.5 ~o phosphotungstic acid, pH 7, for 30 s. and were examined with a Phillips EM-3oo operated at 60 kV with double condenser illumination and a 30 #m aperture or with a RCA EMU-3HI2 electron microscope. Production ofantisera. Young rabbits were injected intravenously twice weekly for 6 weeks with 2 ml of phage stocks concentrated by ultracentrifugation, containing I x to 1° p.f.u./ml. One week after the last injection, the rabbits were bled from the ear vein. Phage antisera neutralized free phage of strain 12 with an inactivation constant K value of 13-Adsorption of phage to bacteria. Adsorption rates were determined by titrations of phage remaining in the aqueous layers, following treatment of the adsorption mixture with IO chloroform. Bacteria and phage at a low multiplicity of infection, o.oI or less, were mixed in freshly boiled and cooled broth media. At various times, samples were removed, diluted into chloroform, further diluted, and plated.
One-step growth experiment. Following an adsorption period of io min at a multiplicity of infection of IO 2 to Io -a, the bacteria were rapidly sedimented at 2oooo rev/min and resuspended in an equal vol. of pre-warmed reduced broth medium. The reaction mixture was then diluted Ioo-fold and incubated at 37 °C. Samples were assayed at intervals for p.f.u. and also diluted into so ~ chloroform to determine total phage produced.
RESULTS

Recovery of Bacteroides bacteriophage from animal sera
The random appearance of phage plaques in approx, lo ~ of the cultures of Bacteroides fragilis isolated was originally puzzling. However, the recent report of the isolation of Escherichia coli phage from commercially prepared animal sera (Merril et al. 1972) suggested that calf serum in routine use as a 5 ~ media supplement was the source of the phage. Accordingly, we examined serum samples from four commercial sources for Bacteroides phage. One ml samples of sera were combined with 3 ml vol. of soft agar containing a suspension of B. fragilis strain 736, which had demonstrated a wide range of phage susceptibility. The mixture was then layered on RCM agar plates and plaques enumerated following overnight incubation. Phage were present in variable amounts found to be as high as I x io ~ p.f.u./ml in one sample of calf serum. In other sera, phage was recovered only from supernatant fluids of 18 h old broth cultures of the indicator strain cultivated in the presence of the serum being tested. As listed in . fragilis was detected in 3z randomly chosen samples of human sera submitted to this laboratory for serologic examinations. Several batches of calf sera contained two strains of phages, morphologically distinct as a small and large plaque type ( Fig. 0 . Both plaque types were picked, propagated, and proven to breed true. In addition, phages with a third type of plaque morphology, consisting of tiny turbid plaques, were also recovered.
Phage specificity Stocks of 25 bacteriophage strains were prepared by propagation with the bacterial host strains on which the phage strains were originally isolated, The host range of each phage strain was assessed by cross testing the phage strains against all of the corresponding 25 Bacteroidesfragilis host strains. The phage dilution used initially was the dilution of phage that gave slightly less than confluent lysis on the propagating strain. However, by this technique the lyric spectrum of the phages was very limited. We therefore elected to use drops of phage stocks containing lO 8 to IO 9 p.f.u./ml. On this basis, six phage strains, each of which lysed one or more of the 25 host strains were chosen for general phage screening of clinical isolates of Gram-negative anaerobic bacilli. The phage strains were active only on members of the B. fragilis group. They did not lyse 36 strains of Bacteroides oralis, 6 of Bacteroides melaninogenicus, and 7 strains of Fusobacteria. Of 57 strains of B. fragilis tested, 46 were lysed by one or more of the phage strains. There was considerable diversity in the host ranges of the six selected phage strains on the 46 isolates of B. fragilis tested.
Electron microscopy
Electron micrographs of two representative Bacteroidesfragilis bacteriophages strain 969, a large plaque type, and strain I2, a small plaque type, demonstrated phage particles of morphologic type B, by the classification of Bradley 0967). Phage heads measured approx. 68 nm in diam. ; the non-contractile tails measured approx, t8o nm ( Fig. 2a ). In addition, both crude phage lysates as well as phage preparations, partially purified by two successive cycles of ultracentrifuging and low-speed clarification, demonstrated phage apparently joined together by their tails, in starlike clusters (Fig. 2 b) . A large proportion of phage was observed in this configuration. The formation of the phage clusters may be due to adsorption of phage to cell wall fragments, as shown in Fig. 2 C.
Phage adsorption
The kinetics of adsorption of the two phage strains chosen for study, strain 736 and strain I2, were considerably slower than that established for many bacteriophage-host systems, for example, many Escheriehia coli phages (Adams, I959). A representative experi- * At each passage the stated numbers of colonies were examined for phage production, and one individual phage producing colony subcultured for repeated colonial purification. Four well isolated colonies of phage carrier strain 736 were each suspended in r ml of broth medium. Viable bacteria were assayed by dilution and plating of samples on to RCM agar. Colonies were counted after anaerobic incubation at 37 °C for 72 h. Free phage was assayed in the supernatant fluids of the centrifuged bacterial suspensions as outlined in Methods. ment of the adsorption of phage strain I2 is depicted in Fig. 3 . Approx. 30 ~ of the phage was adsorbed in IO min, at a bacterial concentration of 2 × IO 9 c.f.u./ml, and a multiplicity of infection of o.oo6. The K value of adsorption was thus calculated to be 3 × lO-11.
One-step growth characteristics
One-step experiments with strain 736, the large plaque type, demonstrated a latent period of 45 rain, a rise period of 15 rain, and a burst size of approx. Ioo (Fig. 4) . With strain ~2, the small plaque forming type, the eclipse period extended to 9 o min, followed by a gradual appearance of infectious phage during a rise period of about 9 o rain. Even by I8o min, the duration of these experiments, a clear plateau was not obtained. With both plaque types, samples of the reactions prematurely lysed by chloroform treatments contained similar numbers of phage suggesting that the gradual rise period was due to slow synthesis rather than delayed release of intracellular phage.
Phage carrier cultures
We noted that actively growing bacterial cultures infected with phage at high multiplicities underwent active bacterial growth coincident with phage production. Analysis of the phage susceptibility of individual bacterial clones from phage infected cultures showed that these consisted of mixed bacterial populations. One set of clones was phage susceptible, whereas the other was resistant, even to phage stocks containing IO 9 to Io 1° p.f.u./ml. Cultures of the phage susceptible clones contained no detectable phage. Cultures of the phage the stability of the phage bacterium association, we examined the persistence of phage in progeny from seven consecutive colonial subcultures of phage carrier strain 736. At each step a number of well-isolated colonies were subcultured and tested for susceptibility to phage 736 and for production of phage 736. Colonies shown in this way to be phage producers were again picked, restreaked and their clonal progeny re-examined in the same fashion. As shown in Table 2 , the progeny of each of the single colony subcultures of the phage resistant colonies continued to produce a high proportion of phage-producing clones. An explanation for the inability to eliminate the phage carrier state by colonial purification is indicated in Table 3 . Individual entire bacterial colonies from a culture of a phage-producing clone of strain 736 were suspended in buffer and assayed for phage and bacteria. As can be seen, all four colonies examined contained both phage and bacteria, the phage content of colonies being from 7 to 5 ° times greater than that of bacteria. Additional evidence for the simultaneous production of both bacteria and phage is presented in Fig. 5 . Broth cultures of phage carrier strain 736 were assayed hourly for phage and viable bacteria during an initial lag phase and the subsequent period of logarithmic growth. As shown, new phage production began coincidently with the initiation of active bacterial growth. Thereafter, phage increased in number more rapidly then the bacteria. At the end of I8 h of incubation the culture had generated To to 2o times greater numbers of phage than bacteria.
Effect of phage antiserum on Bacteroides phage-carrier cultures
An established technique for investigating the permanence of the association of phage with carrier cultures is the use of antiserum. Truly lysogenic strains continue to produce phage even after multiple passages in antiserum, whereas phage-carrier cultures can be cured of phage by this method. Experiments of this kind could not be conducted with phage strain 736 because of an inability to obtain an adequate antiserum to it. We turned to strain I2 which gave an apparently similar type of phage-bacterium association and for which fortuitously a potent antiserum was available. As can be seen from Table 4 , phage carriage was eliminated following cultivation in antiserum-broth, shown by the absence of phage production after three successive subcultures in antiserum-free media. Furthermore, phage did not reappear when the antiserum-cured, phage-resistant strain was cultivated with varying proportions of the homologous phage-susceptible organism. After passage through antiserum, subcultures were made. One hundred colonies were picked and tested for susceptibility to phage I2. Under the conditions of this experiment, the control phage carrier culture grown in the absence of antiserum (AS-free) generated approx. Io 7 p.f.u.]ml of phage and contained a population of approx. 8o ~ phage-resistant organisms. Although free phage was not detected after the first passage through antiserum broth, the proportion of phage-resistant and phage-susceptible colonies remained unchanged during four consecutive passages in phage antiserum, that is 8o ~ were phage-resistant and 2o ~o were susceptible. Even after further culture in antiserum-free medium, the antiserum-cured cultures contained the same proportion of phage-resistant organisms. Phage-susceptible clones derived from the antiserum-cured carrier cultures were examined similarly for phage susceptibility after serial subcultures. They contained I ~ to 8 ~ of phage-resistant clones. This is in marked contrast to similar examinations of the original phage-susceptible strain r 2, which, in multiple experiments, each testing the progenies of Ioo colonies, had failed to disclose any development of phage-resistant variants.
Examination of the immunity of the phage-resistant population
One possible mechanism to account for carrier culture development might be that the apparent immunity of the phage-resistant bacteria was due to an inability to adsorb phage. If this were the case, the antiserum-cured carrier culture of strain I2, which consisted of approx. 80 % phage-resistant organisms, should have demonstrated a significant decrease in its rate of phage adsorption, compared with the original phage-sensitive culture. Phage adsorption by the two cultures, simultaneously examined, yielded similar K values of 5 x Io -11 for the cured carrier culture, calculated on the basis of all cells adsorbing, and 7 x Io -11 for the original sensitive strain. The K value for the phage-cured strain, calculated on the basis that only the sensitive fraction adsorbed phage would have been I'3 x lO -l°. This value is significantly higher than the previously established K values for this strain, so it must be assumed that the resistant fraction was still capable of adsorbing phage. I88 R. KELLER AND N. TRAUB
DISCUSSION
A group of bacteriophages active on Bacteroidesfragilis have been isolated from a number of animal sera including calf, foetal calf, lamb, chicken and rabbit. The presence of phage in sera obtained from healthy animals may be due to the passage of bacteriophage particles through the intestinal tract. In this connection, one of us has previously shown that bacteriophage can pass through the apparently normal gastro-intestinal tract of mice (Keller & Engley, 1958 ) . The recovery of phage from foetal calf serum may denote the possible transplacental passage of phage, similar to the translocation of phage through the canine kidney (Keller & Zatzman, 1959) . On the basis of a limited survey, the bacteriophage were found to be specifically active on members of the B. fragilis group; 80 % of which were typable by a panel of six selected phages. The phage strains isolated demonstrated a diverse pattern of host range susceptibility, and may be useful in studies on the epidemiotogy of Bacteroides infections in hospitals.
One-step growth characteristics of the two Bacteroides phage demonstrated relatively slow replication cycles. In particular, strain I2, the small plaque type, demonstrated relatively long latent and rise periods. However, the conditions of these experiments may not have provided for optimal bacterial metabolism because of the inherent technical difficulty in manipulating cultures without altering anaerobic conditions.
An interesting observation of this study was the development of phage-carrier cultures by the Bacteroides phage system. The phage carrier culture state, also termed pseudolysogeny, was described by Lwoff (I953) as a mixed population of bacteria and bacteriophage in more or less stable equilibrium. A number of different mechanisms have been Shown to be responsible for this stable association between phage and bacteria. The topic has recently been reviewed by Baess (I97I). Li, Barksdale & Garmise (196I) have shown that the bacteriophage carrier state of Shigella dysenteriae was due to the elaboration of a phage-induced enzyme active on phage adsorption sites. The loss of phage receptors led to the protection of some bacteria and an eventual equilibrium between bacterial and phage growth. In the present case, phage adsorbs equally efficiently to phage-resistant and phage-sensitive organisms. If one assumes that the DNA of the adsorbed phage is injected normally in the resistant variants, then an intracellular immunity appears to be involved. Our findings have shown that most cells of a Bacteroidesfragilis carrier culture are phage-resistant organisms that continue to segregate phage-sensitive variants thereby supplying host cells for maintenance of phage replication. We examined the possibility that the phage DNA might persist as a plasmid, as has been shown to occur with A phage of Escherichia coli (Signer, I969; Lieb, I97o ) 
